A new procedure of immunostaining sections of cryofixed and freeze-substituted Escherichia coli shows that DNA extends from its bulk into small ribosome-free spaces throughout the cytoplasm, resulting in a corallineshaped nucleoid. Low-resolution imaging of a bacterium reconstructed from serial sections demonstrated that the small excrescencies are not resolved. The resulting photograph shows the same features as phase-contrast light micrographs.
Thin sections of resin-embedded, cryofixed, and freezesubstituted Escherichia coli (14) have shown ribosome-free spaces of various sizes (see Fig. 3 of Bjornsti et al. [3] ). For the larger spaces it could be demonstrated by different methods that they contain DNA (13, 14) . By acid hydrolysis the RNAs of the ribosomes were selectively dissolved and the nucleoid remained in reversed contrast; the osmiumammine reaction gave the same results. DNA-specific protein A-gold immunolabels detected the same areas. The smaller, ribosome-free areas did not provide any significant data which would have substantiated the claim that they contain DNA. If only the larger spaces contain DNA (see Fig. 3 of reference 14) , then the comparison with phasecontrast or stained light micrographs would not be worrisome (38) .
In this paper we report an immunostaining method specific for DNA by which it is easy to prove that small, ribosomefree spaces also contain DNA. This new demonstration shows the coralline shape of the nucleoid, which we have illustrated by a model (see Fig. 2a ). The nucleoid is constituted by an irregularly shaped, cleft, but still relatively large bulk out of which excrescencies, comparable to tentacles, emerge. According to a proposal by Carl Robinow, University of Western Ontario, this shape is best described by its resemblance to some corals.
With the observation that the branches of the corallineshaped nucleoid are spread far into the cytoplasm and thus are present all over the cell, the discrepancy with results from light optical observations becomes flagrant. In order to resolve this inconsistency, we formulated the working hypothesis that the resolving power of the light microscope of approximately 0.2 ,um might be the limiting factor for the nondetection of the excrescencies, which have sizes of less than 0.2 ,um; in the light microscope, only the bulk of the nucleoid would be observed. In order to test this hypothesis, we have produced a reconstruction of the ribosome-free space from serial sections. The reconstructed bacterium was then photographed at low resolution with a pinhole camera. The resulting photographs were very similar to phase-contrast optical micrographs of dividing cells. The fine excrescencies disappeared, and only the larger, more confined bulk of the nucleoid was imaged.
We discuss the very different results obtained after chemical fixations with aldehydes or osmium tetroxide and the previously observed influence of the salt concentration of the medium in which the fixation is performed (40) .
MATERIALS AND METHODS
Bacterial growth. We used Escherichia coli B grown at 37°C in a beef extract broth (0.3% Bacto-beef extract B126, 0.5% Bacto-yeast extract B127, and 1% Bacto-Peptone B118) without (low salt) or with (high salt) 0.2 M KCl. If needed, we used phosphate buffer (0.07 M) with or without 0.2 M KCI. The cells were inoculated from corresponding agar slants and grown with vigorous air bubbling. The cells were harvested in exponential phase at 2 x 108 to 3 x 108/ml.
In the low-salt condition, the medium contained only the ions already present in the mainly organic ingredients of the medium. The high-salt medium had a salt concentration as high as possible while still allowing a generation time of less than 35 min, i.e., not significantly different from the times obtained with low-salt concentrations.
Light microscopy. Numerous techniques for preparing the specimen were explored in an attempt to fulfill the condition of being able to observe dividing cells under conditions in which the nucleoids were clearly visible. Reliable results were obtained with the following procedure. The liquid culture was grown to 2 x 107 to 5 x 107 cells per ml and rapidly concentrated to 1 x 109 to 2 x 109 cells per ml in phosphate buffer with or without added salt. This stock suspension was stored in the cold for a few hours to allow preparations for several observations. Samples were obtained by diluting the bacterial stock suspension into broth at 45°C with different amounts of gelatin (Bacto-gelatin B143). From the mixture, microdrops were placed onto prewarmed (37°C) microscope slides and immediately squeezed by pressure from application of the coverslip. Most bacteria then lie flat, with their long axes parallel to the slide. Coverslip and slide were then sealed by applying a melted mixture of petroleum jelly and paraffin (1:1) . The preparation was incubated for 30 min at 37°C before being placed under the light microscope at room temperature. At intervals of 20 to 30 min micrographs of adequately positioned single cells were taken. The bacteria were diluted so that no more than three to six cells were visible in the microscope field; only then was the oxygen supply by diffusion from the surroundings sufficient for divisions to occur.
The optical microscope (Wild M12) used for most micrographs was equipped with a 100 achromatic, homogeneous oil-immersion lens, numerical aperture = 1.25, with 95% adsorption in the phase ring which, by previous experience, was known to give high resolution with bacteria. Micro-3150 BOHRMANN ET AL. graphs were taken with green light produced by a tiltable interference filter. For recording we used a 15x photographic ocular.
In parallel, we also used an Olympus Vanox S microscope with an objective S Plan 100 NH, 1.25 oil immersion, with negative phase contrast.
Micrographs were recorded on Kodak T 100 film. Electron microscopy. E. coli B cells (2 x 10 to 3 x 108/ml) were harvested from liquid culture by filtration on a nuclepore filter (pore size, 0.4 ,um) for 2 min with constant aeration. The cells were then smeared on small pieces of cigarette paper (JOB, no. 807 S; thickness, 30 ,um) and immediately cryofixed by being slammed on a polished copper block cooled with liquid helium by the method of Escaig (12) . The frozen samples were transferred into the freeze-substitution mixture (1.5% [wt/vol] OS04 in pure acetone) in the presence of a molecular sieve (pore diameter, 0.4 nm) and kept at -87°C for 80 h. The temperature was then raised (at 6.7°C/h) to -40°C and kept there for 2 h. The freeze-substitution apparatus and the further processing steps (temperature raised to room temperature and Epon embedding) were the same as those described by Hobot et al. (14) .
Serial sections (50 to 60 nm thick) were produced by using an LKB Ultrotome IV ultramicrotome equipped with a diamond knife. The sections were collected on Formvar carbon-coated grids (VECO; type, single-slot L2xl) and poststained with uranyl acetate (15 min) and lead acetate (1.5 min). For examination, a Philips 301 electron microscope operated at 80 kV was used.
For immunostaining, embedding was done in Lowicryl HM20 instead of Epon. Freeze-substitution was done with acetone containing 3% glutaraldehyde. The procedures for the use of this low-temperature resin are described in detail by Durrenberger (7) .
Reconstruction of bacteria from serial sections. We used the technique introduced by Ryter (33) , which was later perfected by Valkenburg et al. (39) . The serial micrographs were transcribed into drawings consisting of the outlines of the cellular confines and of the ribosome-free spaces. On the basis of these drawings, the cytoplasm was cut out from a sheet of Kodak color printing filter (CPO5R red; optical density, 0.05) by using special scissors for cutting silhouettes. These "bacterial sections," representing only the ribosome-containing cytoplasm, were superpositioned with spacers of clear methacrylate sheets. The thickness of these spacers was chosen so as to allow for the correct cylindrical shape of the bacterial cell.
Low-resolution imaging of the composite electron micrographs. The negative obtained by photographing the package of redrawn electron micrographs of 11 serial thin sections (as described above) was then printed in a Durst enlarger with a color illumination head (BTC Dupe Master) and with the objective replaced by an iris diaphragm with an aperture of between 1:100 and 1:160. We used Ilford multigrade for which the color illumination was adjusted so as to obtain the various gradations. The prints shown in Fig. 7bl 
RESULTS (i)
Immunostaining reveals the coralline shape of the nucleoid. As mentioned in the Introduction, the protein A-gold immunolabel of DNA did not provide enough gold particles to assess the possibility that DNA was present in small ribosome-free spaces. The solution to this problem, discovered by Hobot et al. (13) , was that a contrast reversal of the nucleoids occurred when they were treated with a DNAspecific IgG exhibiting high affinities for double-stranded DNA in enzyme-linked immunosorbent assay (ELISA) tests. The resulting (low) contrast was easy to observe on larger ribosome-free areas but was not sufficient for deciding about a stain of smaller ones. The use of a double-stranded DNA-specific IgM in combination with a second incubation with goat IgG antibodies to mouse IgM led to a strongly increased staining capacity. By this procedure, sufficient amounts of stainable proteins are layered on DNA-containing areas. By an amplification procedure, based on a potassium permanganate and uranyl acetate stain of the deposited antibodies (see Materials and Methods), the contrast is so enhanced that even in very small ribosome-free areas DNA can be detected. A small gallery of micrographs is given in Fig. la . Exponentially growing cells sectioned at different cellular levels are shown; in Fig. la3 the immunostain of the cell on the left reveals two distinct nucleoids. For comparison the confined nucleoid of a chloramphenicol-treated cell is also shown ( Fig. lb; for further discussion, see the end of section ii of Results). Apparently in these cells a few excrescencies persist. As a control we used another clone of hybridoma cells which produces an IgM specific against double-stranded and single-stranded DNA and obtained identical results (data not shown).
In Fig. 2a we present a model of how such a coralline nucleoid can look.
(ii) Phase-contrast light microscopy. The rationale of the method of Mason and Powelson (27) is based on matching the refractive index of the surrounding medium to that of the interior of the bacterium. By using this procedure the bacterium is no longer acting as a cylinder lens, and the resulting optical artifacts are eliminated. The refractive index of solutions of organic material is approximately proportional to the density (mass per volume) of the solution. In order to achieve a match, the solute of the outside medium has to be unable to penetrate into the cell. Mason and Powelson (27) had used gelatin for that purpose. Later, polyvinylpyrrolidone (PVP) replaced gelatin (10) . In this study we began by using PVP, which had proven very adequate for observing nucleoids, even in student courses. In the present study the actual growth of the observed bacteria had to be documented by micrographs, which show successive divisions. To our dismay, we found that PVP samples of different purities (Fluka) completely inhibited growth in all the microscopic preparation procedures we used. We checked the ability to form colonies on agar which contained concentrations of PVP from 10 to 40%. PVP purum at 20%o in broth allowed for a survival rate of less than 10%. We therefore returned to the use of gelatin. For the broth medium we prepared stock solutions with various gelatin concentrations which we then mixed in measured proportions with the bacterial suspensions (see Materials and Methods) to obtain bacterial suspensions in va-rious concentrations of gelatin. With those we checked the claim of Mason and Powelson (27) that the concentration of gelatin was extremely critical for obtaining good micrographs. In addition, we also compared preparations with and without supplemented 0.2 M KCI. It had indeed been observed that cells chemically fixed in growth media of different salt concentrations and then observed either by staining (40) or by electron microscopy (16) showed strong variations in the confinement of the nucleoids. At low-salt conditions (medium not supplemented with NaCI or KCl), the nucleoids are rather dispersed; the confinement increases with the concentration of added salt (0.2 to 0.3 M). This effect of the medium is not observed when aldehyde fixation is used (28); the nucleoid is dispersed (42) . With cryofixation the influence of the salt content of the medium was also not observed and the nucleoid is dispersed (14) . (For further discussion, references, and nlicrographs, see reference 19.)
As described in Materials and Methods the only method which reproducibly allowed observation of dividing bacteria was preparation of a very thin layer of bacteria mixed with gelatin between microscope slide and coverslip (Fig. 3) . If the number of bacteria was below a certain threshold, the dissolved oxygen of the surrounding cell-free medium was sufficient to allow for two to four divisions. The generation times (at room temperature) were nevertheless always longer than those determined in liquid cultures and are indicated on the micrographs (Fig. 3) .
The conclusions with respect to the gelatin concentrations were that the pipetting error of the mixing allowed for no more than ± 10%. Indeed, with high-salt growth, the best results were obtained with 20 to 23% gelatin. At lower concentrations the contrast of the nucleoids decreased. Besides this experimental variability, we observed local variations in the same specimen. In several places the nucleoids had a much more confined aspect and were also larger (Fig. 4) . In Fig. 4 the nucleoids are separated from the envelope, which is in contrast to those of Fig. 3 . We would have considered these cells dead if we had not observed their division (Fig. 4) .
Considering the salt effect, we could not detect a correlation with the morphological changes described above. The relatively confined nucleoids were observed in cultures both with and without 0.2 M KCI added (Fig. 4) . Most of the successful micrographs of dividing cells were obtained at high-salt conditions (Fig. 3) .
The arrest of protein synthesis, either by antibiotics (chloramphenicol, puromycin, or aureomycin) or by amino acid starvation of a culture of an amino acid auxotrophic strain, produced nucleoids of a typically more compact shape (for references, see reference 19). This shape (Fig. 5 ) was easily observed both at low-and high-salt concentrations. It was also preserved after aldehyde fixation (results not shown) and cryofixation (13, 14) .
(iii) Electron microscopy of thin sections and reconstruction from serial sections. The purpose of our experiments was to resolve the apparent inconsistency of the coralline-shaped nucleoid observed in cryofixed and freeze-substituted cells by electron microscopy with the more confined and compact shape seen by phase-contrast light microscopy of dividing cells. With ultrathin sections we observe only 1/10 to 1/20 the diameter of an E. coli cell. In order to judge how a complete nucleoid looks, we could either use high-voltage microscopy on semithin (1.5-Ixm) sections or use reconstruction by superposition of thin serial sections by the method of Borysko (see reference 1). This reconstruction technique applied to bacteria has been published by Ryter (33) and further developed by Valkenburg et al. (39) .
A high-voltage (300 kV) attempt in collaboration with P. Buffat, Lausanne, Switzerland, was unsuccessful; the cells looked completely homogeneous whether or not they were stained with uranyl acetate. In thin sections observed at a more conventional accelerating voltage (80 kV), the nucleoid is characterized by ribosome-free spaces in which the DNA is located (see Results, section i). The high-voltage microscope cannot resolve ribosomes in semithin sections, and the electron scattering power is averaged throughout the depth of the cytoplasm and, consequently, ribosome-free spaces cannot be seen. We therefore resorted to a reconstruction from serial sections. A few sections are shown in Fig. 6 the superposition of 11 serial sections is given in Fig. 7 . The reconstruction was manufactured from templates of the thin sections in which the ribosome-free areas were transparent in a cytoplasm of very light optical density (see Materials and Methods). The optical density was so low that after superposition of the section templates, all 11 resulting grey levels are distinctly visible. Figure 2 shows schematically how a nucleoid looks in three dimensions.
(iv) Low-resolution imaging of the reconstruction. The package of superimposed sections was photographed with normal resolution to produce a negative. The print of this negative is shown in Fig. 7a . The same negative was also imaged by a pinhole camera constructed by replacing the objective of the enlarger with a simple iris diaphragm. The achieved resolution is a function of its numerical aperture. By trial, the diaphragm opening (see Materials and Methods) by which the resulting image corresponded most closely to that of the phase-contrast image by light microscopy was found. The photographic printing was done from this negative by using different contrasts and exposure settings! (Fig.  7bl to 7b4 ). These prints demonstrate how much the size of the nucleoid varies with the extent of exposure. In Fig; 7c we present a phase-contrast light micrograph of a living pell (see those in Fig. 3 for comparison) . Figure 7b2 and 7b0 of the reconstructions resemble very closely the phase-contrast micrograph of Fig. 7c . Manipulation of the electron micrographic simulation to such a large degree explains-at least partly-why phase contrast in light microscopy also produces large variations.
It is generally believed that phase contrast within bacteria depends on the difference of refractive indices between cytoplasm and nucleoid (38) . We prefer another explanation, one which is based on light scattering. Ribosomes are compact and are of very high density; they are strong scatterers of light. The scattering ability not only depends on the gradient of the change of refractive index at an interface but also on the size of granular structures. By comparison the putative "compactosomes," defined as small, com- pacted regions of the bacterial chromatin (23) , are much less scattering because they are three to six times smaller than ribosomes. The average density (grams per milliliter) of the two compartments would, however, be very similar, as was suggested by the homogeneity of whole bacteria observed by high-voltage electron microscopy.
DISCUSSION
Cryofixation without a cryoprotecting agent, freeze-substitution into acetone with glutaraldehyde, resin embedding (Lowicryl HM20), and observation of only the well-frozen part of the specimen (10 to 15 pLm deep) adjacent to the cooling front provided the material for the DNA-specific immunostain of the bacterial chromatin. In all cases of exponentially growing cells, the stain revealed excrescencies of the nucleoid reaching far into the cytoplasm. At first sight, the coralline nucleoid is spread all through the cell, making it very difficult to correlate this situation with that of the more confined nucleoid one is accustomed to seeing by optical microscopy (both living and stained material; for further discussion, see references 39 and 42). By electron microscopy of thin sections, a dispersed nucleoid is frequently (37), but not always, observed after aldehyde fixation (compare Fig. 8 in reference 17, Fig. 2 in reference 3 , and Fig. 7 in reference 20 to the results of Valkenburg et al. [39] ). The contour of the nucleoid after osmium tetroxide fixation depends on the salt concentration in the fixation medium. A confined nucleoid is obtained when fixation is done with 0.3 M NaCl, whereas in broth without salt, a much more dispersed nucleoid is observed (16, 19) . The dispersed state is also preferred by C. Robinow, who has experimented with numerous staining procedures (31) . But even this less confined shape of the nucleoid, seen either by optical microscopy or electron microscopy after osmium tetroxide fixation in low salt, is not entirely consistent with the existence of excrescencies distributed throughout the cytoplasm. In this paper we provide evidence that the resolution of light microscopy is not capable of imaging the excrescencies shown after cryofixation. Low-resolution photography of a bacterium reconstructed from serial thin sections of cryofixed and freeze-substituted cells provided images which are quite comparable to those obtained by phase-contrast light microscopy of dividing cells.
Most puzzling, however, is the fact that by chemical fixation so many diverging shapes of the nucleoid are obtained; only the spherical nucleoid that results from an arrest of protein synthesis is observed with all chemical fixations and cryofixation. The salt-dependent confinement versus dispersion is observed only with osmium tetroxide fixation. The aldehyde-fixed growing cells show dispersed nucleoids that are most similar to those obtained by cryofixation.
The many known features associated with chemical fixation do not yet allow a consistent explanation for the occurrence of these various shapes. We might in addition need a deeper understanding of the manifestations of the negatively supercoiled bacterial chromatin, in which-in contrast to the histonic chromatin of higher cells-only about half of the supercoils are restrained (30) labile nucleosomes (4a, 5) or what we call the (putative) compactosomes (23, 29) are made either with no basic proteins at all or with 5 to 10 times less than in nucleosomes (32) , which explains their lability as well as the unrestrained supercoil. It is thus not surprising that the compactosomes had never been observed on isolated nucleoids on which even the supercoil is observed only rarely (for references, see references 19 and 20) . The low protein content is also reflected in the aggregation sensitivity of the bacterial chromatin (18, 29) .
The intracellular potassium concentration is two to three times the concentration of the outside medium in sodium and potassium (11) . With E. coli the intracellular potassium is present mainly as glutamate (26) ; the binding to other anions and the degree of dissociation into free ions are largely unknown. It is, however, well known that the turgor, i.e., the intracellular osmotic pressure, is higher in growing cells than in the outside medium; bacteria exhibit a turgor which is even stronger than that of animal cells (25) and which is constrained by the resistant cell wall. Growing cells can therefore never be in an isotonic medium because they increase the turgor by pumping potassium into the cell (36) .
Resting cells of the stationary phase become permeable for sodium and potassium (besides other ions), and the ionic composition inside and outside becomes equalized (36) . Arrest of respiration by oxygen starvation or KCN leads to the same situation: K+ and Mg2+ leak into the medium (results of M. Moncany [28] reported in Table I of reference 19) . During pelleting of cells by centrifugation, oxygen starvation also occurs very rapidly, which is why a prefixation in the growth medium had been introduced prior to the main fixation (32) . Indeed, the observation of whole cells had shown changes of the shape of nucleoids after oxygen starvation and related procedures (4). More recently it was discovered that the commonly used fixatives also permeabilize the cells very rapidly for potassium and magnesium (results of M. Moncany [28] reported in Table I of reference 19) . It is most likely that permeabilization occurs well in advance of fixation of the cytoplasm. Time during which reorganization of the protoplasm could occur is therefore available; for instance, the excrescencies of the nucleoid could be retracted and the nucleoid could become confined before the cytoplasm is gelled. The explanation of the different behaviors after fixations with aldehydes and osmium tetroxide is, however, not obvious. Another known property of osmium tetroxide has been advanced as a possible cause: osmium tetroxide is able to cleave peptide bonds (9) . The resulting protein fragments are not necessarily separated immediately; indeed, the cleavage is only revealed after hot sodium dodecyl sulfate denaturation and gel electrophoresis (2) . It is by no means certain that this ability of cleavage is the reason for the morphological changes.
A quite different explanation has to be considered also. We know that the nucleoid is not fixed in the common fixatives used for prefixation and for most main fixations. Only in the postfixation with uranyl acetate is the bacterial chromatin gelled (24) . The cytoplasm, however, is already fixed in the prefixation. It could thus be that the differences between the two classes of fixatives are reflected in different types of fixation of the cytoplasm. This is indeed what is observed: in Fig. 8 of reference 17, Fig. 2 of reference 3 , and Fig. 7 of reference 20, we see that after osmium fixation, the ribosomes are not individually visible. The cytoplasm looks compacted, which is also suggested by a significantly reduced width of the cells. After aldehyde fixation, as after cryofixation, the ribosomes are very distinct. The increased packing could partly be the cause of disappearance of the excrescencies and thus also of the apparent confinement of the nucleoids. The osmium-induced compaction of the cytoplasm is not necessarily a direct effect but possibly a secondary one which is based on its possible influence on the shrinkage or swelling that is known to occur during the polymerization of resins (21) .
Elsewhere (22) we discuss the fact that cryofixation and freeze substitution are able to preserve bacterial chromatin even if no chemical fixative is present in the substitution solvent. Apparently this low-temperature procedure per se is able to cross-link bacterial chromatin in such a strong manner that it no longer aggregates in acetone, even when the temperature is raised to room temperature.
Our phase-contrast study of dividing E. coli cells revealed variations of the nucleoid shape. Even in the same preparation, the nucleoids were sometimes larger and more confined (Fig. 4) than in the majority of cases (Fig. 3) . From our experience with E. coli we suggest that this difference is due to the cells either being cylindrical, as in liquid culture, or being spread flattened as they are likely to be when adsorbed to a support (like glass or even the surface of nutrient agar).
Valkenburg and Woldringh (38) have made a very extensive comparison of cells fixed with various chemicals and concentrations combined with observations with phase-contrast and confocal microscopy. These observations were illuminating and beneficial but were made before the advent of cryofixation. To understand more about the limitations of chemical fixatives, such studies should now be extended to include cryofixed and freeze-substituted cells, both in their natural cylindrical and spread-flattened configurations. Studies of nucleoids with the fluorescent stain 4,6-diamidino-2-phenylindole (DAPI) would also ensure validity and should be integrated into such a study, especially since Woldringh has observed growing, living cells with this stain (41) .
Comparative studies as described above are justified because the procedure of cryofixation and freeze-substitution is still much more time consuming than the classical procedures with chemical fixations in aqueous media. In many investigations light or electron microscopy are integrated as observational tools in experiments on physiological phenomena and, therefore, the time elapsing between experiment and result has to be short, reproducible, and routine so as to achieve consistency. Unfortunately, cryosections maintained frozen in cryospecimen holders (6) cannot yet be made thin enough to resolve ribosomes and ribosome-free spaces. In addition, cryosectioning is so difficult it cannot be considered a routine technique with reproducible results.
The consequences of the coralline shape of the nucleoid with respect to the nuclear functions, mainly transcription, are more extensively discussed in another paper (23) . In particular, the observation that transcription occurs at the surface of the nucleoid (8) requires the assumption of a very dynamic chromatin. Segments of the chromatin fiber should be able to slide between adjacent fibers in such a way that transcribing genes could eventually reach the surface of the nucleoid. It is clear that the excrescencies greatly facilitate such processes.
One of the main contemporary interests in nucleoid shape is focused on its relation to DNA replication and cell division. The classical model of Jacob et al. (15) is based on an attachment of the bacterial chromosome to the plasma membrane. Unfortunately, traditional osmium fixation revealed the nucleoid to be located centrally. The mesosomes of gram-positive cells werfe then considered as an organelle for promoting this membrane contact (34) . Yet, mesosomes have since been shown to be artifacts (14; for further references, see reference 19) and are not seen after cryofixation. Indeed, freeze-substitution of actively growing cells even exhibits several contacts of the nucleoid with the membrane at the cell periphery. Cryofixation may help advance these problems related to cell division.
